Abstract This study investigated the influence of membrane property and feed water organic matter quality on the permeate flux and water quality during gravity-driven membrane (GDM) filtration. GDM filtration was continuously carried out over 500 days at hydrostatic pressure of 65 mbar in dead-end mode without any back-flushing or membrane cleaning. Three ultrafiltration (UF) membranes (PES-100 kDa, PVDF-120 kDa, and PVDF-100 kDa) and one microfiltration (MF) membrane (PTFE-0.3 μm) were tested for treating lake water with varied organic matter qualities due to algal growth. The fluxes of the four membranes rapidly decreased to~8 L/(m 2 × h) within a week of GDM filtration. The flux variations were quite similar for the four membranes during the entire GDM filtration, indicating that membrane property has a little effect on the flux. The flux strongly depends on the feed water organic matter quality. The average flux in treating low organics containing water (7-60 days) was 5 L/(m 2 × h) and decreased to~2 L/(m 2 × h) in treating high organics containing water (60-300 days). The accumulation of algal-derived biopolymers was mainly responsible for the flux decline by forming biofilms with high permeation resistance. The average flux in 300-500 days increased tõ 3.5 L/(m 2 × h) when the feed water contained lower levels of biopolymers and higher levels of easily biodegradable organics, which created open and heterogeneous biofilms with lower permeation resistance. Removal efficiency for Escherichia coli was more than 5 log, while the removal efficiency for total bacterial cells was 1 log-2 log for the four membranes, indicating some bacterial regrowth after the filtration. Removal efficiency for the MS2 phage was 2.4 log and 1.5 log for the fouled PES-UF and PTFE-MF membranes.
Introduction
Gravity-driven membrane (GDM) filtration has received increasing attention as a novel technology for producing microbiologically safe drinking water on a household scale (PeterVarbanets et al. 2010 (PeterVarbanets et al. , 2011 . GDM technology uses polymeric flat-sheet microfiltration (MF) and ultrafiltration (UF) membranes with pore sizes of a few to hundreds of nanometers and hydrostatic pressure from gravity (typically less than 100 mbar) as the driving force for the membrane operation. Previous studies have shown that UF-based GDM systems can produce water at stable fluxes of 2-10 L/(m 2 × h) for several months to years without any maintenance measures against membrane fouling, such as back-flushing or membrane cleaning (Peter-Varbanets et al. 2010 . GDM filtration is considered a promising appropriate technology for household drinking water production in low-income countries due to its low energy consumption, simple process operation,
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The formation of biofilms on membrane surfaces with a soft and heterogeneous structure has been proposed as the key mechanism responsible for the stabilized flux in GDM filtration (Derlon et al. 2012; Peter-Varbanets et al. 2011) . GDM filtration is operated in dead-end mode, and therefore, organic matter and biological cells in feed waters are allowed to accumulate on the membrane surface and form biofilms, which inevitably results in increasing permeation resistance. Nevertheless, the deposited organic matters can be biologically degraded or detached from the membrane surface, which maintains the permeation resistance under certain levels. In addition, metazoan organisms, such as nematodes, dwell in the biofilm and create open and spatially heterogeneous biofilms with cavities and channels, which can lead to higher stable fluxes (Derlon et al. 2013) . A recent study has shown that the addition of grazing metazoans can be used to biologically control biofouling on low-pressure membranes (Klein et al. 2016) . The effects of feed water quality parameters, such as organic matter and inorganic particles, on the stabilized flux have also been investigated. Generally, higher concentrations of dissolved organic carbon lead to lower stabilized flux (Peter-Varbanets et al. 2010 . The presence of larger inorganic particles (diatomite) leads to higher stabilized flux by forming more heterogeneous biofilms (Chomiak et al., 2014) . The presence of biofilm in GDM filtration has also been shown to increase permeate quality by organic carbon degradation (Chomiak et al. 2015; Derlon et al. 2014) . Overall, the flux stabilization phenomenon in GDM filtration appears to occur with all water as long as the biological activities on membrane surfaces are not inhibited. This hypothesis needs to be tested for different water sources with a wider range of water qualities.
Membrane properties, such as pore size, porosity, roughness, polarity, and charge, are known to affect biofouling behaviors and in turn the flux and water quality of permeate. Studies of membrane bioreactor (MBR) applications have shown that biofouling occurs more readily with narrower pore size distribution, increased roughness, and more hydrophilic membranes (Meng et al. 2009; Malaeb et al. 2013) . Previous GDM filtration studies have mostly been conducted using polyethersulfone (PES) membranes with a molecular cutoff of 100 kDa (Chomiak et al. 2014 (Chomiak et al. , 2015 Derlon et al. 2012 Derlon et al. , 2013 Derlon et al. , 2014 Peter-Varbanets et al. 2010 . Some studies have shown that flux stabilization can also occur in a few selected MF or UF membranes other than the PES-100 kDa (Peter-Varbanets 2015) ; however, the tests were conducted in rather limited experimental conditions (e.g., short-term filtration experiments). In addition, how the different membrane properties affect the performance of GDM filtration is still poorly understood. The membrane properties might be important if the initial formation and long-term characteristics of biofilms are strongly influenced by the membrane properties. However, if factors other than membrane properties, such as type of foulant or biological activity, have more significant influence on the characteristics of biofilms, then the performance of GDM filtration would be similar for any MF/UF membranes.
Organic matter in feed water as a main water quality parameter can cause membrane fouling and thus significantly affect the performance of conventional MF and UF membrane processes (Jermann et al. 2007; Lee et al. 2006 ). In the GDM filtration process, the effect of organic matter can be rather different from the conventional membrane process due to the significant role(s) of biofilms in the retention and degradation of organic matter. In the GDM process, biofilms have been shown to increase the removal efficacy of organics by enhanced physical retention or microbial degradation (Chomiak et al. 2015) . Biopolymers and biodegradable organics are found to determine the level of stabilized permeate flux (Peter-Varbanets et al. 2011) . The permeate quality can be improved as long as biofilm has sufficient contact time with organics and thus can degrade the organics completely. However, when the load of organics is too high for the biofilm, low molecular organics are formed by microbial hydrolysis, which leads to deterioration of the permeate quality (Chomiak et al. 2015) . As high organic matter content (e.g., algal growth) is typical for water sources in tropical climate areas, the impact of high levels of organic matter on the performance of GDM filtration deserves more investigation in long-term GDM operations.
The objective of this study is to better understand the effect of membrane properties and organic matter as major water quality parameters on the long-term performance of GDM filtration. For this, laboratory-scale GDM filtration units were operated for more than 500 days in dead-end mode at 65 mbar using lake water with variable organic matter qualities. Four low-pressure membranes of different materials, pore sizes, and surface charges were tested. Water flux and changes of water quality parameters, such as total bacterial cells, organic matter, and assimilable organic carbon, were monitored. Removal efficacies of Escherichia coli (E. coli) and MS2 phages were also determined based on spiking experiments. Implications of the observed results were discussed to optimize GDM filtration technology as an appropriate drinking water technology.
Materials and methods
Laboratory-scale GDM system and operation Figure 1 shows the experimental setups of the laboratory GDM filtration unit used in this study. Lake water samples were continuously fed by a peristaltic pump from a reservoir kept at 4°C to a storage tank in which the water was maintained at a constant level by an overflow. The hydraulic residence time of the feed waters in the storage tank was~1 day. The GDM filtration unit was installed in a temperature-controlled laboratory room with an air conditioning system, and the temperature of the feed and permeate waters could be kept at 20 ± 2°C
. The storage tank was connected to standard plastic filter holders with an inner diameter of 48 mm (Whatman, GE Health Care Life Sciences, Seoul, Korea) using silicon tubing. To minimize impacts of the sediments/particles accumulated on the bottom of the storage tank, the tank and silicon tubings were regularly cleaned every week or every 2 weeks. The GDM filtration of lake water samples was continuously carried out over 500 days without any membrane cleaning or back-washing in dead-end mode. A transmembrane pressure of 65 mbar was applied by maintaining a distance of 65 cm between the water level in the storage tank and the membrane surface. The permeate flux was measured by collecting the permeate water in volumetric flasks in 10 min of filtration time. The water quality parameters of the feed and permeate waters were measured by taking samples from the storage tank and the permeate water lines, respectively. Due to~12 h of the residence time of the feed waters in the silicon tubings before being filtered by the membranes, the water qualities of the feed waters could have been changed slightly.
Feed water Feed water was collected from the influent to the drinking water treatment plant (DWTP) located in Gwangju, Korea (latitude of 35.2°N), approximately every 2 months from May 2014 to October 2015. The DWTP took water from a nearby lake with the following original water quality parameters during the investigated period: total organic carbon (TOC) = 1.4-2.3 mg/L, pH = 6.5-8.8, dissolved oxygen (DO) = 6-12 mg/L, temperature = 5-26°C, and turbidity = 1.1-4.4 NTU. To mimic the organic-rich surface water in tropical climate areas, the storage tank for feed water was open to daylight to allow algal growth. Organic carbon concentrations in the feed water were therefore higher than those in the original lake water due to the formation of soluble algal organic matters. Even though algal species were not identified in this study, their presence was clear from the organic carbon analysis (size exclusion chromatography coupled with organic carbon detection (SEC-OCD)) and the green appearance of the membrane surfaces. Further details about the feed water quality parameters are given in later sections.
UF and MF membranes A UF membrane made out of PES with a molecular cutoff of 100 kDa (PES-UF) was purchased from TriSep Corporation (Goleta, CA, USA). Two UF membranes made out of polyvinylidene difluoride (PVDF) with a molecular cutoff of 120 kDa (PVDF-UF1) and 100 kDa (PVDF-UF2), respectively, were purchased from KOCH membrane Systems Inc. (Wilmington, MA, USA). An MF membrane made out of polytetrafluoroethylene (PTFE) with a mean pore size of 0.3 μm (PTFE-MF) was purchased from AMTS (Seoul, Korea). Before the experiments, these membranes were stored in de-ionized water for 24 h to remove conservation agents. The zeta potentials were measured using a zeta potentiometer (ELS-8000, Otsuka Electronics, Osaka, Japan) with polystyrene particles in NaCl solution at pH 7.0. The contact angles were measured using the captive bubble method and a contact angle goniometer (DSA 100, Krüss, Hamburg, Germany). The roughness of membrane surfaces was measured using atomic force microscopy (AFM, PSIA XE-100, Suwon, Korea) in non-contact mode. Table 1 summarizes the properties of the four tested membranes.
Culture, analysis, and removal experiments for E. coli and MS2 phages E. coli DH5α was inoculated from freshly streaked overnight lysogeny broth (LB) agar plates into 5 mL of LB broth for 12 h at 37°C to reach the stationary phase. The bacteria were then washed by centrifuging at 8000 rpm for 2 min, discarding the broth. Next, they were rinsed three times with 1 mM of phosphate-buffered solution (PBS, pH 7) and resuspended in 1 mM of the PBS solution containing 10 9 -10 10 cells/mL. The E. coli cell concentration was determined using Compact Dry EC plates (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) (Kodaka et al. 2006) . The MS2 phages (ATCC 15597-B1) were prepared and quantified by the soft agar overlay plaque assay using a mutant strain of E. coli C3000 (ATCC 15597) as host. The MS2 stocks were prepared from overlay agar plates of confluent lysis, as described in a previous study (Cho et al. 2005) . For the GDM removal experiments, cell suspensions of E. coli or MS2 phages were prepared in 1 mM of PBS solution at pH 7 and in 3 mM CaCl 2 solution at pH 8, respectively, and spiked to the feed waters as separate experiments at initial concentrations of 10 6 CFU/mL or PFU/mL. Feed and permeate waters were taken at 1, 2, 4, and 6 h and analyzed for the cell concentration.
Analytical methods SEC-OCD was used to quantify dissolved organic carbon (DOC) and chromatographically separable organic matter fractions according to their molecular weight and charge. The SEC-OCD system uses highperformance liquid chromatography (HPLC; Agilent 1260 Infinity, Santa Clara, CA, USA) with a TSK HW 50S size exclusion column (Tosoh, Tokyo, Japan) followed by UV detection and an online TOC analyzer (Sievers 900, GE Power, Boulder, Colorado, USA). Fractional quantification of organic matter was performed following the protocol in a previous study (Chon et al. 2013; Huber et al. 2011) . Flow cytometry (FCM) analysis with fluorescent staining was carried out according to the method described previously for determining total cell concentration (Hammes et al. 2008; Lee et al. 2016) . Water samples were stained with SYBR® Green I (S9430, Sigma-Aldrich, Yongin, Korea) and analyzed using a CyFlow® Cube 6 flow cytometer (Sysmex Korea Co., Ltd., Seoul, Korea) equipped with a 488-nm blue laser. Total cell concentrations were determined in density plots using green (520 nm) vs. red fluorescence (620 nm) in which each dot represents the signals for each particle. Top view images of the membrane surfaces were taken using a Canon digital camera (EOS 100D, Tokyo, Japan). Assimilable Organic Carbon (AOC) was determined using a batch growth assay and the FCM total cell quantification method as described in a previous study (Hammes and Egli 2005) .
Results
Flux variation as a function of GDM filtration time Figure 2 shows the flux variation of the tested membranes during GDM filtration of lake water samples as a function of filtration time. The initial flux values (0 day, 65 mbar) were 36, 83, 18, and 52 L/(m 2 × h) for PES-UF, PVDF-UF1, PVDF-UF2, and PTFE-MF, respectively. The flux values for all four membranes rapidly decreased to below 10 L/(m 2 × h) within 1 week of filtration time. After these initial rapid decreases, the flux variation proceeded more gradually with increasing filtration time. Based on the flux variation pattern and feed water organic matter characteristics, the following three characteristic phases could be identified: phase I at an operation time of 7-60 days with relatively high flux values (~5 L/ (m 2 × h)), phase II at an operation time of 60-300 days with relatively low flux values (~2 L/(m 2 × h)), and phase III at an operation time of 300-500 days with intermediate flux values (~3.5 L/(m 2 × h)). The time-dependent flux variations of the four membranes were quite similar and statistically indifferent (p > 0.1), indicating that the stabilized fluxes are not significantly affected by the differences in the membrane properties (Table 1) .
Effect of feed water DOM characteristics on flux variation
The filtration time-dependent flux variations shown in Fig. 2 are clearly related to the changes of the feed water qualities, particularly organic matter. In this study, SEC-OCD analysis was used to quantify the dissolved organic matter (DOM) and organic matter fraction concentration of the feed water. Figure 3 shows the selected SEC-OCD chromatograms of the feed water samples with filtration time. Based on the SEC-OCD fractionation scheme proposed in previous studies (Huber et al. 2011; Chon et al. 2013) , DOM fractions in the feed water could be quantified as biopolymer (>10 kDa), humics and building blocks (0.5-1 kDa), low molecular weight (LMW) acids (<0.5 kDa), and LMW neutrals (<0.5 kDa), as shown in Fig. 3 . Table 2 shows the determined concentrations of dissolved organic carbon (DOC) and organic matter fractions. The average flux values of the four membranes in each filtration phase are shown in Fig. 4a (phase I), Fig. 4b (phase II), and Fig. 4c (phase III), and the variation of DOC and organic matter fraction concentrations of the feed water at different filtration times are displayed in Fig. 4d-i . In phase I, the feed water contained relatively lower values of DOC (1.6-2.2 mg/L), biopolymer (~0.4 mg/L), and LMW neutral (0.2-0.6 mg/L) compared to the later phases II and III. The average flux values were 4.8 (±1.1), 5.6 (±1.1), 5.3 (±0.6), and 5.2 L/(m 2 × h) (±1.0) for PES-UF, PVDF-UF1, PVDF-UF2, and PTFE-MF, respectively, which were higher than those in the later phases. The flux values steadily decreased from~8 L/(m 2 × h) to~4 L/(m 2 × h) with increasing filtration time from 7 to 60 days, indicating a gradual increase of the filtration resistance. During phase II, the feed water contained significantly higher concentrations of DOC (2.8-4.7 mg/L), biopolymer (1.0-1.6 mg/L), and LMW neutral (0.6-1.3 mg C/L) due to algal growth in the feed water tank. The flux values decreased further from~4 to~2 L/(m 2 × h) in 60-120 days and were maintained at~2 L/(m 2 × h) with increasing filtration time up to 300 days. The average flux values in phase II were 1.7 (±0.6), 2.0 (±0.7), 1.8 (±1.1), and 1.9 L/(m 2 × h) (±0.7) for PES-UF, PVDF-UF1, PVDF-UF2, and PTFE-MF, respectively. The stabilized fluxes at~2 L/ (m 2 × h) indicate that the filtration resistance did not increase further despite the high organic fouling in this period. Phase III is characterized by intermediate levels of DOC concentration (2.3-3.9 mg/L) and high levels of LMW neutral (1.0-1.7 mg/L) but low levels of biopolymer (0.3-0.6 mg/L). The flux values started to increase from 300 days and recovered tõ 4 L/(m 2 × h) in 400-500 days (Fig. 2) . The average flux values in phase III were 3.0 (±0.7), 3.9 (±0.7), 3.4 (±0.7), Phase I Phase II Phase III Fig. 2 Membrane flux variation during GDM filtration of lake water over 500 days using four different membranes. The three characteristic filtration phases were identified based on the permeate flux and feed water quality (dissolved organic matter): phase I = 7-60 days, phase II = 60-300 days, and phase III = 300-500 days. a PES-UF. b PVDF-UF1. c PVDF-UF2. d PTFE-MF and 3.7 L/(m 2 × h) (±1.1) for PES-UF, PVDF-UF1, PVDF-UF2, and PTFE-MF, respectively. The decreased biopolymer concentration in phase III appears to be related to the partial recovery of the stabilized flux. Table 2 summarizes the variations of DOC and organic matter fraction concentrations after GDM filtration as a function of filtration days (see also Fig. S1 ). The variation patterns of DOC and its fractions can be summarized as follows. First, significant DOC removal was observed after GDM filtration, and the DOC removal efficiency increased with increasing filtration time. At the filtration time of 428 days, 61-67% of the DOC of feed water was removed. Second, high DOC removal was observed for the organic fractions of biopolymer, LMW acids, and LMW neutrals. At the filtration time of 428 days, the % removals were 83-100% for biopolymer, 53-68% for LMW acids, and 89-90% for LMW neutrals. Third, the DOC variation patterns were quite similar for the tested four membranes, indicating that the different membrane properties play minor roles in the retention or degradation of DOM. Last, during phase II with lower permeate fluxes, significant DOC removal was observed only for the biopolymer fraction, while during phase III with the recovered permeate fluxes, significant DOC removal was found for all organic matter fractions. These data collectively indicate that size exclusion is mainly responsible for the DOC removal in phase II, while biological degradation contributes additional removal pathways of organics in phase III.
Variations of DOC

Removal of total bacterial cells and AOC variation
The total cell concentration was determined by FCM with SYBR staining (Hammes et al. 2008; Lee et al. 2016 ). Some Fig. 6a , b, respectively. At 259 days, the total cell concentration of the feed water was 6.9 × 10 6 cells/mL and decreased to 7.4 × 10 4 cells/mL (2.0), 4.1 × 10 4 cells/mL (2.2), 4.1 × 10 4 cells/mL (2.2), and 7.4 × 10 4 cells/mL (2.0) after GDM filtration with PES-UF, PVDF-UF1, PVDF-UF2, and PTFE-MF, respectively; the values in parenthesis indicate the log removals. At 377 days, the total cell concentration of the feed water was 2.1 × 10 6 cells/mL and decreased to 1.7 × 10 5 cells/ mL (1.1), 2.6 × 10 5 cells/mL (0.9), 1.4 × 10 5 cells/mL (1.2), and 2.2 × 10 5 cells/mL (1.0) for PES-UF, PVDF-UF1, PVDF-UF2, and PTFE-MF, respectively. The results show that the removal efficiency of the total cells is similar for the tested four membranes (p > 0.1). The total cell removal efficiency was clearly lower in phase III (~1 log) compared to phase II (~2 log), indicating decreases in removal efficiency with increasing filtration time.
UF and MF membranes typically show high removal efficiency for bacterial cells, namely at least >4 log removal (Hagen 1998; Wang et al. 2007 ). The fresh PTFE-MF used in this study showed 3.5 log removal of the total cells of the feed lake water (see Fig. S2 ). Even though the total cell removal efficiency of the other fresh UF membranes were not determined using the same lake water, these UF membranes are expected to show >3.5 log removals due to their smaller pore sizes compared to the MF membrane. The low removal efficiency for the total cell in our GDM system (i.e., 1 log-2 log) can therefore be attributed to bacterial regrowth after the GDM filtration. The bacterial regrowth could have occurred in the pores of the membranesupporting layers or permeate lines. In order to determine the bacterial regrowth potential, AOC was measured at 377 filtration days following the protocol proposed by Hammes and coworkers (Hammes and Egli 2005) . The AOC was 0.78 mg C/L for feed water and 0.48 mg/L for the permeate from PES-UF and PTFE-MF, respectively. Therefore, a significant fraction of AOC still remained after GDM filtration and could have caused bacterial regrowth. Based on the conversion factor between AOC and bacterial cell number (i.e., 1 mg/L AOC = 10 7 cells/mL; Hammes and Egli 2005), 0.48 mg/L of the AOC could have led to bacterial regrowth of 4.8 × 10 6 cells/mL at the maximum.
Removal of spiked E. coli and MS2 phages Figure 7a shows that the concentration of E. coli decreased from 1.4 × 10 6 cell/ mL in the feed water to <10 cells/mL (more than 5 log removal) after GDM filtration at 297 days for all four membranes in the E. coli spiking experiments. These high removal efficiencies for both MF and UF membranes indicate that membrane and biofilm layers act as barriers for removing E. coli. The removal efficiency of the MS2 phage was tested using spiking experiments at 408 days for the fresh and fouled PES-UF and PTFE-MF membranes. Figure 7b shows that the concentration of the MS2 phage decreased from 2.0 × 10 6 phages/mL in the feed water to 7.8 × 10 4 phages/mL (1.4 log), 8.5 × 10 3 phages/mL (2.4 log), 1.9 × 10 5 phages/mL (1.0 log), and 6.7 × 10 4 phages/mL (1.5 log) for the fresh and fouled PES-UF and fresh and fouled PTFE-MF, respectively. The observed low MS2 phage removal (1.0 log) for the fresh PTFE-MF is consistent with the much larger pore sizes Fig. 4 Average water fluxes of the tested membranes in different GDM filtration periods: a 7-60 days, b 60-300 days, and c 300-500 days and the variation of feed water DOC and organic matter fractional concentration (d-i) Fig. 5 Representative flow-cytometric (FCM) dot plots for the total cell concentration (TCC) of feed water and permeates during GDM filtration with different membranes. The experiments were carried out at 259 filtration days. The illustrated gates (blue line) indicated the total cell number in the analyzed samples of this MF membrane (average pore size of 300 nm) compared to the size of MS2 phage (~30 nm, Lu et al. 2013 ). On the other hand, the MS2 phage removal for the fresh PES-UF membrane (1.4 log) was rather unexpected considering the small pore sizes of the typical UF membranes (~50 nm, Duek et al. 2012) . The observed MS2 phage removal is also lower compared to those reported in literature for the fresh UF membranes (2 log-4 log, Lu et al. 2013; ElHadidy et al. 2014) . The reason(s) for the low virus removal for the tested PES-UF is unclear which warrants more investigations. Several studies have reported significantly increased virus removal efficiency (e.g., more than 1 log) for fouled MF and UF membranes than the fresh ones, which have been explained by the decreasing pore size and increasing repulsive forces exerted by foulants (Lu et al. 2013; ElHadidy et al. 2014) . In consistent with this, the fouled membranes of this study showed higher removal efficiency compared to the fresh membranes, but the difference was rather moderate (less than 1 log removal difference).
Discussion
Impact of membrane property on the GDM performance The initial fluxes of the fresh membranes were different and were highest for PVDF-UF1 followed by PTFE-MF, PES-UF, and PVDF-UF2 (Table 1 ). The higher initial flux for PVDF-UF1 and PTFE-MF can be explained by their larger average pore sizes compared to the other two membranes. Despite these initially different fluxes depending on the membrane properties, the fluxes of the four membranes became quite similar after 1 week of GDM filtration with real water samples, and these similar fluxes continued throughout the rest of the GDM filtration. In this study, high organic mattercontaining water (DOC of up to 4.7 mg/L) was used as the feed water, which caused significant membrane fouling. This explains the lower stabilized flux levels of this study (2-5 L/ (m 2 × h)) compared to those in some previous studies (5-10 L/ (m 2 × h)) with similar experimental setups using relatively low DOM-containing waters (Peter-Varbanets et al. 2010 . In particular, the presence of high levels of biopolymers in our feed water resulted in the formation of an organic fouling layer with high permeation resistance (discussed below). Apparently, the initial formation and long-term characteristics of the fouling layers in our GDM system were not significantly affected by the different membrane properties. The removal efficiency of total bacterial cells and E. coli was also similar for the four tested membranes, indicating that the different membrane properties played minor roles in the bacterial removal efficiency. These results indicate that for treating water containing high organic matter levels (e.g., algal blooms)-which is common for surface water in tropical climate areasthe membrane type and properties are less critical factors in GDM application if the levels of stabilized flux and bacteria removal efficiency are the main consideration factors. Nevertheless, other factors such as the thermal stability of membranes against drying or virus removal efficiency can still be additional criteria for selecting proper GDM membranes. For example, PES membranes are known to be vulnerable to damage by drying, which can potentially limit their long-term application (Peter-Varbanets 2015) .
Impact of feed water organic matter quality on the GDM performance The GDM filtration process can be considered a membrane-based biofiltration process, as the biofilm can contribute to the retention and degradation of organic matter in water. This study shows that the organic matters (DOM) in feed water significantly affect the characteristics of biofilm on the membrane surface, which in turn influences the biofiltration performance, such as the water flux and permeate water quality. Figure 8 shows the membrane surface images during GDM filtration of the lake water as a function of filtration days. In phase I, the membrane surfaces were gradually covered with biofilms due to the accumulation of particular matter and biopolymeric organic matter. Among the DOC fractions, significant removal of the biopolymers is noticed.
As the fresh MF and UF membranes were found to retain little of these biopolymeric fractions (see Figs. S3 and S4), the biopolymer removal must be due to the physio-chemical interactions of the biopolymers with the biofilm layers. In phase II, the biofilm layers started to become thick and dark green due to depositions of high amounts of algal-derived organic matter (Fig. 8) . High concentrations of the biopolymers in the feed water were completely retained by GDM filtration, which created the biofilms with lower permeability. The removal of LMW acids and neutrals was insignificant despite these smallsized organics are typically easily biodegradable (Huber et al. 2011) . This indicates that the thick biofilm layers formed from the accumulation of algal-derived biopolymers maintain low biological activity. The high amounts of organic matter could have consumed the dissolved oxygen (DO) significantly in the feed waters or within the biofilms which in turn could have affected the structure and biological activity of the biofilms. Previous studies have shown that the GDM operation in DOlimiting conditions can create fouling layers with more compact structure and less channels, resulting in low water fluxes (Peter-Varbanets et al. 2011) . Despite this severe membrane fouling, the stabilized flux values of~2 L/(m 2 × h) were still attained, indicating that GDM filtration can be applied for very high organic matter-containing water. In phase III, the membrane surface showed quite heterogeneous structures and more open areas without thick biofilms (Fig. 8) . The feed water in phase III contains low levels of biopolymers while high levels of LMW acids and neutrals. Therefore, the feed water in phase III could facilitate high biological activities and degrade/mineralize DOM, which explains the significant removal of all organic fractions (see Table 2 or Fig. S1 ). The high biological activities in phase III are also supported by our FCM and AOC data which collectively indicate significant bacterial regrowth in the permeate waters. The stabilized flux values in phase III (specifically in the period of 360-450 days) increased again to~4 L/(m 2 × h), which was consistent with the heterogeneous, open biofilm structures with lower permeation resistance. This indicates that the characteristics of the membrane fouling layer can change depending on the feed water quality such as the organic matter, and the water flux can be recovered when the major foulants (e.g., biopolymer) are removed from the feed water. The flux values of the four membranes after 480 days of the GDM operation tended to decrease again (e.g.,~2 L/(m 2 × h) for the PES-UF) even though the membrane surfaces still maintained the heterogeneous and open biofilm structures. As our GDM experiments stopped at~500 days, the reason(s) for the decreasing fluxes after 480 days of the GDM operation is not clear.
Conclusions
& The flux variation and the removal efficiency of total bacterial cells and E. coli were similar for the four membranes during the GDM filtration, indicating that different membrane properties played minor roles in the formation and long-term characteristics of the fouling layers. & The accumulation of algal-derived biopolymers was mainly responsible for the flux decline by forming biofilms with high permeation resistance. Despite this severe membrane fouling, the stabilized flux values of~2 L/(m 2 × h) were still attained, indicating that GDM filtration can be applied even for very high organic matter-containing water as long as biological activities are maintained. & The membrane fouling by algal-derived organic matter was mostly reversible, and the water flux could be recovered when the feed water contained low concentration of biopolymers as the major foulant. & GDM filtration with MF and UF membranes showed good removal efficiency for E. coli (>5 log) while relatively lower removal efficiency for total bacterial cells (1-2 log) due to bacterial regrowth after the filtration. The removal efficiency of MS2 phage during the GDM filtration with the PTFE-MF and PES-UF was less than 2.4 log. The virus removal efficiency for the tested PES-UF membrane was lower compared to typical UF membranes, which warrants further investigations.
